ABSTRACT.
milling chamber is generated by the weight and lever arm assembly pressing a saddle against the top cover of the chamber. The cutter bar provides cutting and frictional force for removing the bran layer and germ from the rice kernels. Milling occurs in the chamber due to the relative motion between the rotating cutter bar and the rice kernels, and among rice kernels, while the batch is under pressure. The weights specified in the FGIS procedures vary with rice varieties (long, medium, and short grains) and the regions where rice is produced. For medium grain rice, the FGIS milling procedures require that a rice sample be exposed to a 30 s milling cycle using a 4.54 kg (10 lb) or 3.18 kg (7 lb) milling weight for rice produced in the Western or Southern regions, respectively. After the first milling cycle, the weight is reduced to 0.98 kg (2 lb) for Western rice and to zero for Southern rice; thereafter, the rice is milled again for an additional 30 s, which is normally referred to as the polishing cycle. After the polishing cycle, the milled rice is unloaded and visually compared with a standard "well-milled" sample. The polishing cycle may be repeated to achieve "well-milled" rice.
Well-milled rice is defined as whole and broken kernels of rice from which the hulls and practically all of the germ and the bran layer have been removed (USDA-FGIS, 1994 ). This V definition is qualitative rather than quantitative. The term "degree of milling," referring to the quantity of bran and polish removed from brown rice during rice milling, has been used to quantify "well-milled" rice. Juliano (1985) and Wadsworth (1994) reviewed the methods used in research and commercial applications for measuring the degree of milling. The measurement methods include determining the amount of bran removal, the residual remaining endosperm, the chemical composition of milled rice and bran, and the physical properties of the milled rice. A typical measure of chemical composition is lipid content in the removed bran or milled rice. The physical property measurement mainly determines the optical properties, such as whiteness or degree of milling, using a Satake or Kett milling meter to measure transmittance and reflectance of the rice kernels. However, no universal standard measurement method of the degree of milling has been adopted by the rice industry and FGIS. Measurement methods and other factors, such as variety and composition, may affect the degree-of-milling measurement. Degree of milling is also directly related to the milling quality of the rice sample. Milling quality is normally evaluated as the total rice yield (TRY) and head rice yield (HRY) in the FGIS milling procedures. TRY and HRY are percentages of total milled rice and head rice based on the rough rice weight. In general, over-milling or milling for a longer duration could result in low TRY and HRY, without any further improvement in the whiteness or degree of milling. In contrast, under-milling or shorter duration milling could result in high TRY and HRY, and produce a darker appearance and high lipid content in the milled rice. Both over-milling and under-milling are undesirable in rice sample milling, since they produce an appraised quality that does not reflect the potential quality in commercial milling.
Only limited information is available about the development of the FGIS procedures and related research (Smith and McCrae, 1951; Smith, 1955a Smith, , 1955b Smith, , 1955c Smith, , 1955d . Smith (1955c) tested various milling weights in the first 30 s for milling various varieties of rice using the McGill No. 3 mill. He found that bran and germ were more easily removed from long grain rice varieties than from medium and short grain varieties. However, no detailed reports were published about the effect of milling duration and weight on milling quality. Since the McGill No. 3 mill uses a relatively large sample, the recently reported sample milling research has used relatively small samples, up to 150 g, milled in the McGill No. 2 or IRRI test tube mill (Takai and Barredo, 1981; Banaszek et al., 1989; Andrews et al., 1992; Sun and Siebenmorgen, 1992; Archer and Siebenmorgen, 1995; Reid et al., 1998; Bautista et al., 2001) . It has been found that the relationships of HRY versus initial rice temperature and HRY versus the degree of milling are inversely linear. Andrews et al. (1992) reported that the reduced milling time or reduced milling weight (pressure) increased HRY but decreased the degree of milling with the McGill No. 2 mill.
The official U.S. rice sample milling procedures have been updated several times (USDA-FGIS, 1979 , 1982 , but no information is available about the effect of milling conditions on milling quality. Pan and Thompson (2002) studied the effect of mill heat generation and rice temperature on milling quality using a McGill No. 3 mill. They found that high temperatures of the mill and milled rice resulted in significantly lower TRY and HRY. The high milling and polishing weights of the Western region milling procedure also caused higher milling temperatures and lower TRY and HRY than the Southern region milling procedure (Pan et al., 2005) . Therefore, there is a great need to quantitatively understand the effect of milling and polishing weights and durations on milled rice quality in rice sample milling.
The objectives of this study were to (1) study the effects of milling and polishing weights and durations on milled rice quality of medium grain rice using the McGill No. 3 mill, and (2) determine the relationships among TRY, HRY, whiteness, total lipid content, and milled rice temperature.
MATERIALS AND METHODS

MATERIALS AND MILLING PROCEDURES
Medium grain M202 rough rice with 12.3% (w.b.) moisture was used for this study because it is the major medium grain variety. The rough rice was provided by Farmer's Rice Cooperative (West Sacramento, Cal.). Thirty-four samples (1000 g each) were obtained by splitting the rough rice using a standard FGIS grain sample divider. These samples were then milled with a McGill No. 3 mill at the California Department of Food and Agriculture (CDFA) Laboratory (West Sacramento, Cal.).
The standard milling and polishing conditions of the U.S. Western regional milling procedure were included in the tests. Milled rice samples were handled with the standard post-milling handling procedures of the FGIS. Rice samples were also milled with the standard U.S. Southern regional milling procedure in triplicate. The results from the two different milling procedures were compared.
The current practice at the CDFA Laboratory is to mill rice samples with cutter bar temperatures of 46°C to 54°C (115°F to 130°F). If the cutter bar temperature is below this range, one or two dummy samples are milled before milling an official rice sample. This is done to stabilize the mill temperature in the prescribed range. If the cutter bar temperature is above the prescribed range, a small fan is used to cool it. Before each milling test, the surface temperature of the cutter bar is measured to ensure that it is in the required range. In this study, the temperature was controlled within a range of 49°C to 51°C (120°F to 126°F). The cutter bar temperature was measured using an infrared thermometer (OSXL653, Omega Engineering, Inc., Stamford, Conn.). The bar's surface was first covered with a piece of thin paper tape to avoid reflection from the metal surface. The temperature of the milled rice was measured using a type-T thermocouple (time constant 0.15 s, Omega Engineering, Inc., Stamford, Conn.) immediately after the milled rice was unloaded into a container. The thermocouple was kept at the center of the rice mass until the temperature reading was stabilized, which normally took 10 to 30 s.
RICE MILLING QUALITY
The major indicators of rice milling quality quantified in the standard FGIS procedures are TRY and HRY. These were determined in this study by following the FGIS procedures. The degree of milling was measured as whiteness and total lipid content (TLC). Whiteness, evaluated based on whiteness index (WI), was determined with a whiteness tester (C-300, Kett Electronic Laboratory, Tokyo, Japan). A higher WI number indicates whiter rice. The percentage of TLC of milled rice was measured using two different methods.
AĂchemical method used standard AACC method 30-10 by extracting lipid using petroleum ether solvent; these measurements were conducted at the CDFA Laboratory. A nearinfrared (NIR) method with an Infratech 1221 Grain Analyzer (Foss North America, Inc., Eden Prairie, Minn.) was also used for the total lipid measurement performed at Pacific International Rice Mill, Inc. (Woodland, Cal.). The TLC results measured with the chemical and NIR methods are labeled TLC-chemical and TLC-NIR, respectively, and reported in this study as percentages of milled rice on a dry basis.
EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS
A central composite experimental design was used to determine the effect of four independent variables on the milling quality (table 1) . These variables were milling duration (MD), milling weight (MW), polishing duration (PD), and polishing weight (PW). The dependent variables (milling qualities) were TRY, HRY, WI, TLC, and milled rice temperature (MRT). The experimental design allowed the determination of all the main effects, quadratic effects, interactions between the independent variables, and the de- velopment of regression models between dependent and independent variables. Each independent variable was tested at five levels, which were chosen based on the weights and durations used in the current standard milling procedures. The MW was varied from 2.72 to 6.36 kg (6 to 14 lb) in steps of 0.908 kg, and PW was varied from 0 to 1.82 kg (0 to 4 lb) in steps of 0.454 kg. Both MD and PD were varied from 10 to 50 s in 10 s steps. A total of 31 tests were conducted, which included seven replications with independent variables set at central levels. The central levels are standard conditions of the U.S. Western regional milling procedure. The relationships between the dependent and independent variables were determined using nonlinear regression with SigmaStat Statistical Software (Jandel Scientific Software, Point Richmond, Cal.). The regression model between a dependent variable (Y) and independent variables can be generally written as: 
RESULTS AND DISCUSSIONS EFFECT OF MILLING AND POLISHING CONDITIONS
For all tested conditions, TRY varied by 5.1 percentage points (from 67.6% to 72.7%), and HRY varied by 8.3 percentage points (from 53.3% to 61.6%) (table 1). Therefore, HRY was generally more sensitive to the changes in milling and polishing conditions in the tested ranges than was TRY. The large range of HRY was due to a large amount of rice kernel breakage that occurred under high weights and long durations of milling and polishing. The results were very similar to the milling characteristics of a friction laboratory rice mill tested by Takai and Barredo (1981) . The indicators of the degree of milling also varied in a relatively large range. WI ranged from 36.8 to 42.8, and TLC-NIR varied from 0.198% to 0.54%. The milled rice sample with WI lower than 39 had a dark appearance, indicating that the rice has not reached the "well-milled" stage, even though bran and germ apparently were completely removed. When the experimental results were examined, it was found that high TRY and HRY were generally obtained with short MD and PD and low MW and PW in the ranges tested. But these conditions produced milled rice with dark color, showing a low degree of milling. MRT also varied in a relatively large range, from 65°C to 82°C.
The significant levels of the effect of each independent variable on the dependent variables are shown in table 2. The relationships between the independent and dependent variables predicted with the regression models in the table, except for TLC-chemical, were significant (P < 0.001), which indicates that the models are appropriate for use in predicting the TRY, HRY, WI, MRT, and TLC-NIR of milled rice at different milling and polishing conditions in the McGill No. 3 mill. It was found that even though some terms in the regression models were not statistically significant, they still affected predicted results of milling quality. When all terms Equation P < 0.001 P < 0.001 P < 0.001 P < 0.001 P = 0.667 P < 0.001 [a] Independent variables: MD = milling duration, MW = milling weight, PD = polishing duration, and PW = polishing weight.
Dependent variables (milling qualities): HRY = head rice yield, TRY = total rice yield, WI = whiteness index, MRT = milled rice temperature, TLC-chem. = total lipid content obtained with chemical analysis method, and TLC-NIR = total lipid content obtained with NIR method. Significance: *** indicates P < 0.001, ** indicates P < 0.01, and * indicates P < 0.05. were included in the calculation of predicted milling quality, the predicted values were closer to the measured values than without including the non-significant terms. Therefore, all non-significant terms were included in the calculation of predicted milling quality. To illustrate the accuracy of predicting milled rice quality, the model-predicted HRY was plotted against the measured HRY ( fig. 2) . The predicted and measured values had positive linear correlation (r 2 = 0.98). The difference between predicted and measured values was less than 1 percentage point for HRY. However, the relationship between TLC results from the chemical method and the conditions of milling and polishing was not significant (P = 0.667), which means that the regression model cannot be used to predict the TLC from the chemical method.
When each term in the regression equations was examined based on the significance level, different main, interaction, and quadratic terms made different contributions to the different independent variables. To illustrate the effects of milling and polishing conditions on rice quality and MRT, only one independent variable was varied in the experimental range; the other three independent variables were fixed at their central levels ( fig. 3) . MW only affected HRY through its interactions with MD, PD, and PW ( fig. 3a) . HRY decreased by 4.6 percentage points when MW increased from 2.72 to 6.36 kg when the rest of the factors were set at the central levels. The effect of MD on everything except WI was only through interactions with other variables (fig. 3b) . HRY decreased by 5.6 percentage points, which corresponded to a 15.5°C increase in MRT, when MD increased from 10 to 50Ăs. However, TLC-NIR and WI tended to level off after about 35 s of MD. Further increases in duration would not be expected to significantly change TLC-NIR and WI, since the lipid content and color are relatively constant in the core region of milled rice (Juliano and Bechtel, 1985) .
The effect of PW on HRY, TRY, and WI are shown in figure 3c. All three quality indicators varied in relatively narrow ranges. Under the illustrated milling and polishing conditions, HRY was reduced by only 0.7 percentage points, and TRY had very limited change. PD had a significant effect through interactions with MW and PW on all milling quality indicators, except for TRY ( fig. 3d ). In the tested range under the illustrated conditions, the increase in PD resulted in a reduction of 0.9 percentage points in HRY and 30% in TLC-NIR, but an increase of 1.6 units of WI. When WI was greater than 41, increased PD did not cause significant changes in WI values, which indicates that the rice could have reached at least the "well-milled" stage.
Based on above analysis and results, MW and MD caused a greater variation in HRY than PW and PD in the tested ranges. Therefore, to achieve a milling quality in a rice sample that reflects the potential quality of a commercial rice mill, it is very important to select appropriate milling weights and durations. In addition, using lower MW and PW and longer MD and PD could produce improved HRY without changing the whiteness of milled rice compared to current standard milling procedures. For example, milled rice with a 40.6 WI could be produced by two sets of milling and polishing conditions: MD = 35 s, MW =2.72 kg, PD = 35 s, and PW = 0 kg; or standard Western milling conditions (MD = 30Ăs, MW = 4.1 kg, PD = 30 s, and PW = 0.9 kg). However, the first set of conditions could produce 2 percentage points more HRY and 0.8 percentage points more TRY, respectively, than the standard Western milling conditions. The slightly longer MD and PD added only 10 s to the procedure time. The lighter weights could also reduce milled rice temperature by 2.8°C from the temperature produced using the higher weights. The results match with the current commercial rice milling practice using low MW and PW and long MD and PD or multiple milling steps (Harry and Ruiten, 1985) .
The TRY, HRY, and WI values predicted by the regression model under the standard Southern milling conditions were 72.2%, 59.6%, and 39.9, respectively. These results were very close to the measured TRY (72.0%), HRY (59.9%), and WI (38.9) ( fig. 4) under the same milling and polishing conditions, but measured quality results with the Western and Southern procedures were significantly different. The Southern procedure produced significantly higher TRY and HRY (1.1 and 2.6 percentage points, respectively) but WI 2 units lower than the Western procedure. If the rice is milled to similar whiteness, the differences in HRY and TRY from the two different methods could be reduced, as discussed in the next section.
RELATIONSHIPS AMONG RICE QUALITY PARAMETERS
TRY and HRY had a positive linear relationship regardless of the milling and polishing conditions used ( fig. 5 ). This indicates that the conditions that produced high TRY also re- sulted in high HRY. In general, the increase of MRT corresponded to low TRY and HRY, but high WI ( fig. 6 ), which was similar to the results from other types of mills reported by Archer and Siebenmorgen (1995) . High milling tempera- ture could occur under high MW and PW and long MD and PD. After MRT reached about 70°C, change in WI was less significant with further increases in MRT. In the high temperature range, rice could be over-milled. As expected, overmilling brought less improvement in whiteness of the milled rice, and could result in low TRY and HRY ( fig. 7 and tableĂ3). The decrease in HRY was accelerated with the increase in whiteness of the milled rice. For example, HRY was reduced by 1.6 percentage points when WI increased from 42 to 43, compared to 0.6 percentage points when WI increased from 37 to 38. Therefore, over-milling must be avoided in rice sample milling to ensure that the results reflect the potential quality of rough rice in typical commercial milling. If the 38.9 WI value of milled rice obtained with the Southern procedure is adjusted, using the regression model shown in figure 7, to 40.9 as obtained using the Western procedure, then the difference in final HRY is reduced from 2.6 to 0.5 percentage points. The results were similar to the findings of Andrews et al. (1992) .
Theoretically, lipid content should proportionally decrease with the increase of the whiteness due to bran removal during milling. The results of degree of milling showed that the WI of milled rice was more closely related to the decrease in TLC-NIR than TLC-chemical ( fig. 8 ). In general, the variation of TLC-NIR results was less than that of TLC-chemical for a similar whiteness of milled rice. Therefore, TLC-NIR can be an alternative to WI as an appropriate indicator of the degree of milling, which has also been suggested for on-line determination and control of degree of milling (Wadsworth, 1994) . The variation of TLC-chemical may be caused by the measurement procedure of the chemical method. Since the TLC-chemical results were obtained with the standard FGIS method at the official laboratory of California, the repeatability of the standard chemical method may need to be further studied.
CONCLUSIONS
For medium grain rice, in general, higher MW and PW and longer MD and PD resulted in lower TRY, HRY, and TLC, and higher WI and MRT. The rice quality parameters, except for TLC-chemical, can be predicted using regression models based on the milling and polishing conditions. Compared to higher weights with shorter durations of milling and polishing, lower weights with slightly longer durations can produce milled rice with similar whiteness but higher HRY. Since the rate of decrease in HRY accelerated with the increase in WI, over-milling must be avoided. TLC-NIR had a linear relationship with WI. Therefore, TLC-NIR could be used as an additional indicator of the degree of milling. Compared to the Southern standard milling procedure, the current standard Western milling procedure produced lower TRY and HRY, but higher WI in rice sample milling. Since FGIS standard milling procedures do not specify a method for evaluating the degree of milling, the quality results using different milling procedures are different. To accurately appraise rice milling quality, it is suggested that more research be done to develop a quantitative method that can be used for specifying the degree of milling in the FGIS procedures.
